It is demonstrated experimentally that a spin-torque nano-oscillator (STNO)rapidly
Introduction
In modern radar and communication technology it is important to be able to rapidly analyze the frequency composition of complicated external signals, and, in particular, to analyze frequency-agile signals, the frequency content of which is varying on the time scale comparable to the characteristic times of the signal propagation [1] . Some of the existing spectrum analyzers (SA) use a sweep-tuned-frequency approach to achieve a wide bandwidth of frequency analysis, high dynamic range, and low noise floor. They typically employ macroscopic voltagecontrolled oscillators (VCO), such as CMOS and YIG-based oscillators that have sweep times down to 100 nanoseconds determined by the VCO time constants [2] . However, in certain radar and communication applications the spectrum analysis should be done even faster and, also, it is necessary to obtain the information about the temporal evolution of the spectra of frequencyagile signals with rapidly varying spectra.
Recent progress in nanotechnology have led to the development of nano-sized oscillators,
called spin-torque nano-oscillators (STNO), whose time constants are naturally of the order of 1-100 nanoseconds [3] . The use of STNO in microwave spectrum analysis could thus bring at least a factor of 10 improvement to the time scale of spectrum analysis, and considerably impact radar and communication technologies.
The generation mechanism of STNOs is based on the effect of spin-transfer torque [4] , that creates an effective negative damping in a DC current-driven magnetic tunnel junction structure, and that compensates the natural magnetic damping in the "free" magnetic layer of this structure [3, 4] . The frequencies of the periodic voltage signals generated by STNOs lie in the range from several hundred MHz to several tens of GHz [3] [4] [5] [6] [7] [8] [9] [10] [11] . Most importantly, the STNO frequency strongly depends on the oscillation amplitude, and, therefore, on the amplitude of the bias direct current driving the STNO. This non-isochronous property of STNOs creates the possibility to modulate the generation frequency of an STNO by modulating 3 the magnitude of the driving bias direct current (or voltage) [12] [13] [14] [15] . Theory [5] [6] predicted that the maximum speed, at which the STNO frequency can be modulated by changing the current, is given by the relaxation rate Γ = . This is the rate with which fluctuations of the amplitude of an STNO-generated signal relax to a quasi-stationary limit cycle. Experiments have shown that characteristic frequencies of this relaxation process depend on the STNO configuration and range from =1-10 MHz for vortex-state STNOs [16] to =100-400 MHz for uniform magnetized STNOs [15, [17] [18] [19] . However, it was also predicted [20] and experimentally [21, 22] demonstrated that using field modulation it is possible to achieve modulation frequencies on the order of GHz. Hence when using a "sawtooth" modulation signal (either current or field with frequency ) one can expect to sweep the STNO frequency without significant distortions within sweep times = 1⁄ of at least one microsecond for vortex based STNOs but that could potentially be as fast as 1-10 ns for other STNO configurations.
In a recent theoretical paper [23] it was proposed to use such a sweep-tuned STNO as a central element of a novel ultra-fast spectrum analyzer where signal mixing and correlation processing using low-pass and matched filters were involved.
Here we demonstrate a proof-of-principle experimental realization of this method of fast spectrum analysis [23] for the case of vortex-based magnetic tunnel junction STNOs generating stable sinusoidal signals in the 280-320 MHz frequency range and characterized by an amplitude relaxation frequency of = 2-3 MHz. The largest frequency sweeping rates in our experiments were exceeding = Δ ⁄ = 30 MHz/µs for a frequency span of ΔFsw = 20 MHz, allowing us to achieve spectrum analysis of complex multi-tone and frequency manipulated signals with temporal resolution on the µs time scale.
4
Results
The scheme of the experimental STNO-based device used to perform spectrum analysis in our experiments is shown in Fig. 1 . It consists of two blocks: the block (a) containing an STNO and used for generation of a sweep-tuned reference signal Vref, and the block (b) used for signal processing and eventual spectrum analysis of an external signal Vin. The sweep-tuned reference signal Vref is produced as follows. First, a constant DC current IDC is applied to the STNO to generate a sinusoidal auto-oscillation signal of a constant carrier frequency f0. Then, an additional voltage Vsw having a "saw-tooth" shape in time and a frequency fsw=1/T is applied to the STNO via a coupler. The output signal Vif of the mixer is then digitized using an 8-bit AD9280 ADC, and passed through a matched filter, implemented with a Field Programmable Gate Array (FPGA), to compress this signal into a narrow peak of duration  in Vspec. The matched filter output is then converted back into the analog domain using an 8-bit resolution AD9708 DAC, and is visualized on a single shot oscilloscope.
The temporal position of the maximum of the peak in Vspec determines the frequency of the input signal fin, while the temporal width of this peak  characterizes the resolution bandwidth (RBW), or accuracy of the frequency analysis:
We used in our signal processing protocol a matched filter instead of a conventional bandpass filter with envelope detection in order to achieve a resultant peak having a single maximum 6 and a minimum possible duration , which is independent of the phase difference between the input signal Vin and the STNO-generated reference signal Vref (see [23] Vspec measured using a standard oscilloscope.
At the time t0 1.25 µs (corresponding to Vsw = 0) the STNO frequency fref (t0) is the same as the frequency of the external signal fin =300 MHz, resulting in a frequency difference fif(t0) = fref(t0) -fin = 0. It is this moment which has to be identified and measured. The chirped signal
Vif after passing through a matched filter is squeezed in time, and forms in the output signal
Vspec a pronounced peak of the duration  at t =t0 +τMF, where the τMF is the phase delay in the matched filter and is always constant for any input chirped signal. Taking into account the phase The accuracy of the frequency determination using the STNO-based spectrum analyzer, characterized by the frequency resolution bandwidth ∆ , can be evaluated from the experimentally measured magnitude of the peak duration  using Eq. (1) (see Fig. 4 ).
In Fig. 4(a) we present the results of the spectrum analysis (Vspec(t)) of a monochromatic external signal for three different sweeping frequencies fsw= 0.1, 0.8, and 1.5 MHz, while in The first example is given in Fig. 5a where we demonstrate spectrum analysis of an external Fig. 3 ) caused by the time delay τMF in the matched filter was not shown in Fig. 5(a,b,c) . The proof-of-principle experimental demonstration for this STNO-based spectrum analysis was performed for a vortex-state STNO characterized by generation frequencies around 300
MHz with a maximum modulation or sweep frequency of =1.5 MHz, and the shortest time interval of spectrum analysis T min = 0.67 µs.
Besides single tone (or monochromatic signals), we also demonstrated the possibility of time-resolved spectrum analysis of complex dynamically modulated signals (see Fig. 5) , that is not possible to achieve using conventional spectrum analyzers. Furthermore, with the matched filter technique for signal processing the experimentally determined frequency resolution bandwidth Δ (see Fig. 4 b) follows the "bandwidth" theorem. An important result here is that at high sweeping frequencies (and high sweep rates) the frequency resolution 14 bandwidth Δ becomes independent of the STNO phase noise and linewidth, and is given only by the sweeping frequency fsw and the experimental setup (filters).
The proof-of-concept demonstration for this novel approach to rapid and time-resolved spectrum analysis was done here for a vortex STNO demonstrating relatively low generation frequencies, and, consequently, low modulation rates. Our theoretical estimations [5, 23] show, and existing experimental results confirm, that STNOs having a uniformly magnetized "free" layer can generate frequencies fo up to several tens of GHz [3, [7] [8] [9] [10] [11] and can have modulation frequencies reaching several hundred MHz [15, 19] and up to GHz [20] [21] [22] . Thus, the STNObased ultra-fast time-resolved spectrum analysis with high frequency resolution is a solvable engineering problem. We firmly believe that the ultra-fast STNO-based spectrum analyzers with nanosecond time resolution will become in the near future practical and highly competitive microwave signal processing devices.
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Methods
MTJ devices
The 
SA:
The spectrum analyzer setup described in Fig. 1 differs slightly from the one proposed in
Ref. 23 where the mixing of the reference signal ( ) and the input signal was proposed to occur within the STNO, without an external mixer. Since the frequency range of the mixed signal is close to the frequency range of and therefore the ranges may overlap, it is not always possible to well separate these signals using filters. Therefore, was removed from before mixing using a band pass filter with a range of 250-350MHz and the mixing was achieved using an external mixer.
Matched Filter
II. Compensation of the non-linear frequency-voltage dependence
As it can be seen from Vsw, is applied to an STNO the response of the instantaneous frequency fo(t) generated by STNO also varies non-linearly in time as shown in Fig. S2 (Ia).
The resulting non-linearity of the frequency-time dependences Vref and Vif lead to the distortions in the shape and position of the resulting peak at the output of the matched filter, in particular at the points in time where the magnitude of the slope dfo/dt differs substantially from the value at the center of the operation frequency range, for which the matched filter was set up. 23 As an example in Fig. S2I the voltage at the matched filter output is shown for four different input signal frequencies (panels I(b) -I(e)). Here only the signal in the panel I(c) is well resolved, while for all the other frequencies the output signal shows a broad peak or multiple peaks. Evidently these distortions spoil the frequency resolution FRBW, and the device ability to accurately detect the frequency of the input signal.
Essentially this would mean that in such a nonlinear case a single matched filter would not be able to resolve and detect signals in the whole range of scanned frequencies. Thus, rather than using different matched filters with different time scales adapted to each instantaneous magnitude of the slope dfo/dt, it is preferable to linearize the dependence of the generated frequency on time.
To achieve a linear dependence fo(t) in our experiment, the natural non-linear (convex) and (e) 310MHz.
III. Matched Filter
Matched filters are actively used in radar applications [S1] , and can be implemented digitally using either Digital Signal Processors (DSP) or a Field Programmable Gate Array (FPGA). A matched filter performs a cross-correlation between a basis filter function and a noisy input signal. The resulting compressed peak has the form of a cross-correlation peak (see panels (v)-(vii) of Fig. 1(b) of the main text).
In our realization of a matched filter, a direct configuration with a finite impulse response 
The values of the coefficients are, then, normalized, and are used as multiplication factors in the FIR architecture of the matched filter. In such a way the FIR filter with the coefficient values is matched to the digitized signal ( ).
In the STNO-SA experiment, the mixed signal ( ) (see frame (v) of Fig. 1(b) in the main text) has the form of a symmetrical chirped wavelet when the input signal has a single frequency that lies at the center of the operational range of the STNO. The matched filter is optimized for this symmetrical chirp wavelet. However, the realized matched filter will also compress asymmetrical input chirp signals (i.e. signals whose frequency is not at the center of 26 the operational range) for which there is only a partial correlation between the input signal and the basis function.
In order to get the highest possible SA resolution at lowest possible clock frequency of a FIR matched filter, the digitization of ( ) was done close to its Nyquist frequency.
Since for each sweeping frequency the time scale of the input chirp signal is different, the sampling frequency of the matched filter was adapted accordingly so that the input digitized signal has the same shape for which the matched filter was optimized. 
